To review the most recent studies on childhood esotropia, and to summarize recent changes in treatment approach.
In the last several years, we have seen many important articles that address the mechanisms of congenital esotropia, in addition to those that address the timing and nature of its treatment. This information is beginning to alter our understanding of this syndrome and is answering questions that have been around for as long as the field of pediatric ophthalmology itself. Armed with this new information, our treatment approach to this disease is in evolution.
Background and overview 2000-2004
The etiology of congenital esotropia has been debated for at least a century. Claude Worth, in 1929, proposed a "defective fusion faculty" in the brain, and followers of this school of thought believed that children born with congenital esotropia could never attain normal binocular sensory status. Others have argued that the defect is primarily one of motor alignment, and that the sensory deficits are secondary to abnormal binocular input early in life [1] . We have known for several decades that infants who undergo early ocular realignment, within the first 2 years of life, will have better sensory outcomes [2] . However, still the vast majority of children with congenital esotropia are left with residual sensory and motor abnormalities, including decreased stereopsis, poor motor fusion and abnormal ocular alignment, and dissociated vertical deviation. The question for nearly 10 years now has been, how early is early enough to treat? For they who believe in the motor theory of congenital esotropia, and believe the fundamental ability to integrate binocular sensory information in the visual cortex is normal in these children, the question of early surgery is a fundamental one.
In both human and animal studies, there is a critical period for the development of binocular vision; restoration of normal binocularity during this time period will allow normal development to resume, but if binocular vision is disrupted throughout this critical period, permanent deficits will result. Hubel and Wiesel [3] showed in the 1960s that irreversible changes in cortical architecture are found in infant animals with surgically induced strabismus. These changes include a decrease in the number of binocularly driven cells in the striate cortex.
More recently, Birch and Petrig [4] have shown that human binocular vision develops very early in life and have established growth curves for fusion and stereopsis. Most normal infants will display fusional responses by 16 weeks of age, and stereopsis of adult levels by 40 weeks. Children remain susceptible to disruptions of binocular vision throughout childhood, so the period of sensitivity extends long beyond the early critical period of development.
Does early surgery lead to a cure?
For those who ascribe to the normal binocular sensorium theory, early surgery is the key. Early ocular realignment allows normal binocular development to resume, and could theoretically allow development of normal stereopsis and motor fusion. Wright et al. [1] were the first to report, in 1994, results of very early surgery (at age 3 to 4 months) for children with esotropia; in this small group of patients, the sensory outcomes were excellent.
Animal studies have suggested that the developing sensory system in strabismic children begins as normal, and that it is merely because of abnormal binocular interaction that permanent sensory deficits develop. In the animal model, early reversal of abnormal binocularity resulted in a "cure" of the condition [5••]. Human studies have reaffirmed this notion, showing that children who have undergone surgery after shorter periods of misalignment will have better binocular sensory outcomes than those who have experienced longer periods of misalignment [6] . In the last 5 years, we have perhaps come closer to "curing" this enigmatic condition than ever before.
The Congenital Esotropia Observational Study
To investigate further the intriguing notion of early surgical "cure," the natural history and rate of spontaneous resolution of infantile esotropia needed to be studied. One would not recommend early surgery as a general rule if the rate of early spontaneous resolution were found to be high. Therefore, the Pediatric Eye Disease Investigator Group, a multicenter national consortium sponsored by the National Eye Institute, reported on the natural history of early-onset esotropia in 2002 [7] . The Congenital Esotropia Observational Study study enrolled 170 infants with esotropia having its onset in the first 20 weeks of life. The main outcome was ocular alignment at 7 to 8 months of life. The study found that cases in which the esotropia was constant and large-angle (> 40 prism-diopters) had a very low rate of spontaneous resolution (1%). The paper concluded that it is reasonable to develop a profile of infants in whom very early surgery, at 3 to 4 months of age, could be considered. Of note, in this study, about one third of the infants with early-onset esotropia had at least some characteristics typically associated with accommodative esotropia; that is, variable-angle, intermittent deviations, and greater than +3.00 diopters of hyperopia [8] . Many of this subset of patients had resolution of their deviation during the study period. Therefore, if very early surgery is considered, careful patient selection is critical.
Why does early surgical alignment improve stereoacuity outcomes?
Although we have known for several decades that early surgical alignment yields better binocular sensory outcomes, it has not been clear why this is so. To answer this question, Birch et al.
[6] did a prospective analysis of a group of infantile esotropes undergoing surgical alignment during the first 2 years of life. The final outcome measure was stereoacuity, measured using the Randot stereotest, at 5 to 9 years of life. One hundred twentynine infants were enrolled. The authors determined that the prevalence and quality of stereoacuity at outcome was related to the duration of misalignment, with children having misalignment for less than 3 months having a significantly greater prevalence of stereopsis. This was independent of age of onset or age of alignment, during the first 2 years of life. Importantly, the authors also noted that patients without demonstrable stereopsis were 2.3 times more likely to develop horizontal eye misalignment requiring further surgery after the age of 2, and were 2.5 times more likely to develop dissociated vertical deviation.
In a follow-up study, Birch et al. [9••] reported that stereoacuity measured within 3 months of surgical alignment of the eyes is a predictor of long-term oculomotor stability. Absence of stereopsis early in life was associated with a 3.6 times increased risk of requiring subsequent strabismus surgery for misalignment. Absence of early stereopsis was also a predictor of poor stereopsis later in life.
Ing and Okino [10] reanalyzed the data from a series published by Ing in 1981, on a series of infants who had undergone early (< 2 years of age) surgical alignment. The original report found similar rates of binocularity among groups of children who had undergone realignment at age 0 to 6 months, 7 to 12 months, and 12 to 24 months. In the 2002 paper, the authors reanalyzed the data based on the duration of misalignment, with attainment of stereopsis by Titmus test being the main outcome measure. They found that the prevalence of stereopsis was greater for children who had attained alignment before 1 year of age or within 12 months of onset. These authors failed to demonstrate differences between groups who had been aligned within 0 to 6 months of onset and within 7 to 12 months of onset. However, their study did not categorize patients individually according to the exact duration of misalignment, but clustered patients into three groups for data analysis. The vast majority of their patients had a reported onset age of less than 2 months, which would most likely have biased their patients towards longer duration of deviation before surgery.
Horwood [11] published a 15-year follow-up of 214 infants, the children of orthoptists, who had been observed from birth. Early eye misalignments were observed and data were collected regarding the development of strabismus later in childhood. Up to 73% of infants were observed to have short intervals of misalignment in the first 2 months of life, with decreasing frequency until age 4 months in the visually normal children. Only two children were still misaligned at age 4 months, and both developed congenital esotropia.
Therefore, we have learned that infantile esotropia may appear heterogeneous in nature; during the first 2 months of life, infants may have transient misalignments that are of no clinical significance; after age 3 months, persistent esotropia is pathologic; early surgery has the potential to yield better binocular outcomes; and surgery within 3 months of onset of deviation is optimal. An infant with constant crossing present by age 4 months could be considered for surgery. Some data suggest that surgical tables may need to be adjusted for very young infants. Wong et al. [5••] contributed several major studies this year on their work developing and characterizing a primate model of early-onset esotropia. These investigators produced the congenital esotropia syndrome in infant macaque monkeys by optically inducing dissociation between the eyes using Fresnel prism goggles. The goggles were left in place for a predetermined amount of time set to correspond to appropriate times in human development. Monkeys wore the goggles for a period of time corresponding to 3 months (early correction) or 12 to 24 months (delayed correction) of human development. The induced binocular separation was then "treated" by removing the goggles, and the monkeys were tested for fixation, smooth pursuit, OKN responses, and ocular alignment. Early treatment but not late treatment prevented development of oculomotor abnormalities typically seen in congenital esotropia. The early correction group showed stable and orthotropic horizontal and vertical alignment, symmetry of nasotemporal smooth pursuit, stable monocular fixation without latent nystagmus, and symmetry of the OKN response. Conversely, the delayed correction group displayed findings similar to those of untreated monkeys with naturally occurring congenital esotropia, and similar to those of human infants with congenital esotropia. The delayed correction group had persistent esodeviation, vertical deviations similar to dissociated vertical deviation, latent fixation nystagmus, nasotemporal asymmetry of pursuit, and nasotemporal asymmetry of OKN responses. These authors reach the exciting conclusion that early correction results in normal oculomotor behaviors. Sensory outcomes are being investigated currently.
Animal models
It increasingly seems likely that the motor and sensory abnormalities previously felt to be an unavoidable component of the congenital esotropia syndrome may in fact be the result of abnormal early sensory binocular experience, and may be reversed if ocular misalignment is treated early enough. We have known for several decades that realignment of the eyes before 2 years of age is essential; we are now narrowing this time interval to a more precisely defined one that may allow us to treat this condition in such a way as to avoid defects of binocularity, both sensory and motor.
Risk factors for development of accommodative esotropia after treatment for infantile esotropia
It is well known that many children with infantile esotropia will go on to develop accommodative esotropia early in childhood; however, the reasons why they do so have been unclear. In one recent study, 60% of children with infantile esotropia developed accommodative esotropia within 4 years [12] . The main risk factors for doing so were delay in alignment, poor stereopsis, and increasing hyperopia. Children with an initial duration of misalignment of greater than 3 months had more than double the chances of developing accommodative esotropia than those who were aligned within 3 months. The authors suggest that accommodative esotropia is not a preexisting condition associated with infantile esotropia, but develops as a result of abnormal binocular sensory input. The children in this study who developed an accommodative component did so at relatively lower levels of hyperopia than children with accommodative esotropia alone are known to do. The authors therefore suggest that spectacle correction for low hyperopia be considered in children who have been surgically corrected for infantile esotropia but who have risk factors for the development of accommodative esotropia. McNeer et al. [13] have advocated use of botulinum for infantile esotropia. Previously they have reported on motor alignment of such patients; they now report on longterm sensory outcomes. Of 31 patients, 20 developed some stereopsis, 5 of them high-grade. The patients had all been treated before age 12 months; most had required more than one injection. All patients except five developed large-angle exotropia for some period of time after injection; this presumably would interfere with development of binocularity during the early critical period. The data presented do not give specifics about each patient's baseline hyperopia. Because some of the patients had moderately small-angle deviations, it is conceivable that some of these patients could have had accommodative esotropia. This method of treatment still has not gained widespread acceptance.
Botulinum treatment of infantile esotropia

Accommodative esotropia
Recent studies underline the need for prompt evaluation and treatment of accommodative esotropia. Prolonged periods of disruption of binocular vision will result in poorer sensory outcomes, just as in infantile esotropia.
Sensory outcomes
Fawcett and Birch [14] reviewed binocular visual outcomes in children with accommodative esotropia. Up to 75% of children had some anomaly of binocular vision. The authors found that, similar to children with congenital esotropia, those children with accommodative esotropia who had constant crossing for greater than 4 months before realignment of the eyes had profoundly worse outcomes. These children were 33 times more likely to have no stereopsis than children treated within a 4-month window. Earlier age of onset, in infancy as opposed to childhood, was not an increased risk for adverse outcome. In a previous report, the same authors found that children placed into spectacle correction while their deviations were still intermittent or within the first 4 months of the deviation becoming constant, had better outcomes than those who were not treated until the deviation had been constant for longer than 4 months. There was no difference between patients who underwent correction during the time the deviation was intermittent or within the first 4 months of the deviation becoming constant. The authors also point out that patients with a high AC/A ratio may be more difficult to treat initially, and may be more likely to experience longer periods of misalignment; if the eyes were misaligned for longer periods, this would negatively affect stereopsis outcome. These results point towards the importance of prompt evaluation and treatment of even children who have only occasional crossing of the eyes.
Will my child always have to wear glasses?
Lambert et al. reported on weaning children with accommodative esotropia out of spectacle correction [15••,16] . This weaning was accomplished in 0.5-D increments, after children had reached visual maturity (at a mean of 8 years of age), in 6-month intervals. Sixty percent of children were successfully weaned out of glasses. Characteristics most predictive of successful discontinuation of spectacles was low hyperopia at baseline (< 3.00 D); a single-diopter increase in baseline hyperopia was associated with an eightfold increase in the odds of failure to discontinue spectacles. The children who were successfully weaned also had statistically significantly lower final refractive error than the children still wearing glasses. The authors note that children with accommodative esotropia have been postulated to have intrinsic defects in their emmetropization mechanism. Alternatively, they postulate that wearing spectacles to correct full hyperopic refractive error may impede the drive for emmetropization and therefore also the ability to discontinue glasses.
Refractive surgery and accommodative esotropia
Nucci et al. [17••] reported a series of eight adult patients with accommodative esotropia and hyperopia who were treated with photorefractive keratectomy. The feasibility of this treatment was borne out by the study results, and the authors conclude that it is a viable option for visually mature patients with lesser amounts of hyperopia. Hutchinson [18] reviewed the results of five studies on refractive surgery to treat accommodative esotropia, including the study by Nucci et al. Data from a total of 106 eyes were analyzed. All patients were older than age 10 and most had moderate amounts of hyperopia. The series in which the greatest amount of hyperopic correction was undertaken also had the greatest residual hyperopia and the highest percentage of patients losing at least one line of best-corrected acuity. It remains to be seen whether refractive surgical procedures have a common place in the treatment of accommodative esotropia. Patients with higher amounts of hyperopia would not now be able to benefit from the procedure because current refractive surgery procedures are limited in the amount of hyperopia that can be treated. Furthermore, the risk of complications such as flap striae and diffuse lamellar keratitis may be unacceptable in a young child. Because glasses are a noninvasive treatment modality with a proven track record, many physicians would be reluctant to substitute a surgical procedure. However, the potential benefits for certain types of patients, such as those who are not spectacle compliant, could be great.
Conclusion
Summed research from the last few years is greatly enhancing our understanding of one of the most common childhood eye disorders. Our treatment approaches are evolving. The ultimate goal of normal binocular vision in children with esotropia, which has been so elusive in the past, may be more attainable in the future.
